Changes imposed by pyrolysis, thermal gasification and incineration on elemental composition and phosphorus fertilizer quality of municipal sewage sludge 
Introduction
Municipal sewage sludge (MSS) is an inevitable byproduct from municipal wastewater treatment which can be considered as a valuable by-product or as a problematic waste, depending on local politics, available handling options, and the quality of the MSS (Fytili and Zabaniotou, 2008; Hukari et al., 2016; Kelessidis and Stasinakis, 2012) . Usually, MSS contains significant amounts of nitrogen (N), phosphorus (P), organic matter and various micro nutrients. These valuable constituents make MSS in many regards a cheap fertilizer and soil enhancer (Linderholm et al., 2012) . For this reason, composting or direct application of MSS on farm soil or in landscaping has been practiced intensively in the past (Fytili and Zabaniotou, 2008) .
However, MSS can also contain significant amounts of emerging organic pollutants and xenobiotics (e.g. antibiotics, fragrances, UV-filters, antiseptics, micro plastics, phthalates, hormones etc.) as well as heavy metals and pathogens (Choban and Winkler, 2008; Igos et al., 2012; Krüger et al., 2014; Michael et al., 2013) . In recent years, concerns related to the use of MSS on farm land have increased with new developments in the knowledge about the potential harmful effects of this practice related to food production and ground water quality (Fytili and Zabaniotou, 2008; Krüger et al., 2014) . For this reason, incineration of MSS -either by dedicated mono-incineration or by co-firing in production of e.g. mineral insulation materials -has been growing into conventional practice in many countries (Krüger et al., 2014) , and several EU member countries now have harder restrictions on MSS application than the current EUdirective (Kelessidis and Stasinakis, 2012) .
The dilemma between recovery of MSS nutrients and the risks related to direct application in food production systems is further complicated by a growing political demand for increased P-recycling on the one hand, and the increased concentration of heavy metals and loss of P plant availability often associated with incineration on the other hand (Jakobsen and Willett, 1986; Krüger et al., 2014; Mattenberger et al., 2008; Nzihou and Stanmore, 2013; Ottosen et al., 2013) . To meet this challenge, new ways to upgrade ash from MSS incineration or recirculate MSS-P directly are under development (Atienza-Martínez et al., 2014; Franz, 2008; Ottosen et al., 2016; Parés Viader et al., 2015; Vogel et al., 2013; Xu et al., 2012 ). An optimal solution for MSS handling would utilize the energy potential of the MSS, preserve P and other nutrients in a plant-available form, reduce volume and weight, remove heavy metals, destroy pathogens and organic xenobiotics and be cheap and reliable.
Thermal conversion of MSS can comply with several of these requirements, but the benefits and drawbacks vary with the design of the thermal process. MSS can be thermally converted in processes involving pyrolysis, thermal gasification or incineration or various combinations hereof (Fytili and Zabaniotou, 2008; Manara and Zabaniotou, 2012; Nakakubo et al., 2012; Samolada and Zabaniotou, 2014) . During pyrolysis of MSS, up to 80% of the energy potential can be recovered as energy products (oil or gas) while the rest remains in the solid residual (char) as a recalcitrant carbon matrix (Cao and Pawłowski, 2012) . During incineration of MSS almost all energy potential is released and the energy potential of the solid residual (ash) is zero or practically zero (Krüger et al., 2014) . Thermal gasification is positioned in between pyrolysis and incineration with respect to the degree of conversion and energy utilization. Thermal gasification of MSS can reach more than 90% thermal efficiency while it still leaves a minor part of total fuel energy content in the ash. However, the degree of conversion during thermal gasification of MSS varies substantially with the design of the process and the characteristics of the specific fuel (Judex et al., 2012; Mun et al., 2013; Samolada and Zabaniotou, 2014; Werle, 2015) .
To our knowledge, there is no comprehensive study comparing pyrolysis, gasification and incineration of MSS with regard to changes in the ash composition and P fertilizer quality compared to the original MSS sample. To investigate these differences, it is mandatory to convert sub-samples of the same MSS sample on all assessed thermal conversion platforms. In this way, robust correlations between the degree of conversion, the utilization of the energy potential, the heavy metal content and the P fertilizer quality may be identified, and characteristics of the optimal thermal design may be determined.
A Cross Platform Sludge Experiment (CPSE) has been designed and executed in collaboration between two Danish universities and four Danish companies. The purpose of the CPSE study was to compare key fertilizer characteristics of ashes and chars produced by thermal conversion of sub-samples from a single large MSS sample on multiple thermal platforms and determine how the plant design and operation parameters affect these properties. The main focus of the study was to characterize and analyze changes in P chemistry induced by the thermal conversion and relate these to changes in the P-fertilizer quality of the ash or char compared to the MSS fuel. The study aimed at acquiring new knowledge about the behavior of phosphorous as well as of selected heavy metals during thermal conversion of MSS. The study is the first of its kind, and the proposed method and results are expected to increase the odds of developing more optimal thermal MSS management platforms.
Methods

The MSS sample
MSS from the municipal wastewater treatment plant (WWTP) Bjergmarken Renseanlaeg in Roskilde, Denmark, was used as fuel for all thermal fuel conversion experiments. The WWTP is a MechanicalBiological (active sludge loop)-Nitrification-Denitrification-Chemical cleaning facility (MBNDC) dimensioned for 125.000 person equivalents (PE), and usually treating wastewater corresponding to 92.000 PE. Iron chloride sulfate (ClFeO 4 S) is used for chemical P removal and added before the active sludge cycle, while aluminum chloride (AlCl 3 ) is added in the clarifiers and used mainly to precipitate floating sludge and prevent filamentous bacteria in the cold season. All sludge goes through the active sludge cycle before it is digested anaerobically for three weeks in a thermophilic process. After digestion, the sludge is mechanically dewatered and dried. Sludge can be produced as de-watered MSS, dry MSS granules or dry MSS pellets. The drying is conducted in a BioCon drying and granulating unit (Krüger A/S, Denmark) using hot air at temperatures ranging from 100 to 175 °C (Krüger, 2009) . The complete MSS sample used for the CPSE study was produced during 6 consecutive days in March 2015. Day 1-3: Around 2 t dry MSS pellets with 83.7±1.0 wt% dry matter and around 3 t of dry MSS granules with 87.5±1.4 wt% dry matter; Day 4-6: 22.8 ton of dewatered MSS with 23.9±1.1 wt% dry matter for full scale incineration.
The thermal conversion processes
The thermal conversion processes of the CPSE study include 2 incineration processes, 2 pyrolysis processes and 2 gasification processes. All ashes, chars and MSS samples that were collected in the study are collectively referred to as the CPSE substrates. The processes are all described briefly below, while an overview is provided in Table 1 .
Fluid-bed incineration at 850 °C
The experiment was conducted at Spildevandscenter Avedøre, Denmark in March 2015, in a monoincineration process conducted on a fluid-bed oven, with a maximum capacity around 6.5 tons of dewatered MSS per hour (at 77% moisture). The incineration occurs at bed temperatures around 840 °C and freeboard temperatures around 890 °C. The average particle retention time in the oven is around 5 seconds according to the oven operator and supplier (Prisum, 1999) . After incineration, the ash particles are captured and cooled in an electrostatic filter (98 wt% of ash removed at 180-220 °C) and a bag house filter (2% of ash removed at 160 °C). The two ash fractions are transported to a storage silo and mixed. Three ash sub-samples of around 200 kg each were collected from the ash silo.
Fixed bed incineration at 750 °C and 850 °C
The experiment was conducted in the laboratories of the Biomass Gasification Group (BGG) at DTU, Risø Campus near Roskilde, Denmark, in April and May 2015. Samples were pre-dried for 24 hours in hot air at 104 °C. Two batches with around 0.5 kg dry MSS distributed in multiple thin layers of 1-2 cm were incinerated in an electrically heated oven of around 40 L, supplied with 5 L air per minute. Maximum temperatures were 750 and 850 °C, maintained for 30 minutes, with heating and cooling rates of 10 °C/min. Around 200 g of ash was produced at each temperature.
Two-Stage down draft gasification
The experiment was carried out in April and May 2015 at BGG, Risø DTU, converting MSS pellets in a pilot scale TwoStage downdraft gasifier with a thermal capacity of 50 kW. The plant is a simplified version of the VIKING gasifier (Ahrenfeldt et al., 2013a Hansen et al., 2015; Henriksen et al., 2006) and the main differences relate to the reduced thermal capacity and scale as well as the absence of internal heat integration in the 50 kW unit. The internal temperature regimes and atmospheres are roughly comparable in the 50 kW TwoStage gasifier and the VIKING gasifier. However, the MSS gasification in the 50 kW unit was conducted with a regulation strategy to avoid maximum temperatures above 1000 °C which is not usually applied when gasifying wood. The high-end temperature in the char bed was up to 850 °C during the CPSE experiment. Around 20 kg of ashes were collected for analysis.
Low Temperature Circulating Fluidized Bed Gasification
This experiment was carried out in April 2015 at BGG, Risø DTU, converting MSS granules on a pilot-scale Low Temperature Circulating Fluidized Bed gasifier (LT-CFB gasifier), (Ahrenfeldt et al., 2013b; Kuligowski et al., 2008; Narayan et al., 2016; Nguyen et al., 2013; Nielsen, 2007; Stoholm et al., 2007; Thomsen et al., 2015; Zwart et al., 2010 ) with a thermal capacity of 100 kW. Ash for the CPSE study was extracted from the bed of the char reactor at temperatures typically around 730 °C. Sand was sieved off with a 0.6 mm-steel mesh, and ash-and char particles with a diameter larger than 0.6 mm were recovered as bottom ashes. This fraction constituted around 25% of the total bed mass. Around 40 kg of bottom ashes were collected.
Slow pyrolysis
The experiments were conducted in April 2015 in the laboratories of BGG, Risø DTU, on dry MSS pellets as well as dry MSS granules. Samples were pre-dried for 24 hours at 104 °C. Several batches of around 2 kg each were pyrolyzed in an electrically heated 3.5 L closed steel reactor with N 2 sweep and gas outlet. Maximum pyrolysis temperature was 600 °C which was maintained for 2 hours with initial heating rates and subsequent cooling rates of approximately 6 °C/min. An N 2 flush at 5 L/min was applied for the first 20 minutes, followed by 2 L/min for the remaining treatment. The procedure is described in Thomsen et al 2015 (Thomsen et al., 2015 . 10 kg of pyrolysis char were produced.
Fast pyrolysis
The experiment was conducted in April 2015 at Frichs A/S in Havndal in Jutland, Denmark, converting MSS pellets in an externally heated fast pyrolysis plant with a maximum thermal capacity of 1 MW. The practical capacity doing the experiment was around 300 kW. The operation temperature set point was 850 °C, but inconsistencies with the feeding rate resulted in periods with temperatures as low as 540 °C. The actual average temperature during the experiment is unknown. After initial grinding, the MSS was heated to max temperature within seconds. Hereafter, the particles were carried with the gas through the system before the char was separated out and conveyed into a wetted storage. Around 75 kg of wetted MSS char were collected and dried for 24 hours in hot air at 104 °C before further analysis. 
Post oxidation
To investigate the influence of an oxidizing atmosphere on the substrate characteristics in more detail, the following additional samples were prepared:
-Oxidized slow pyrolysis char (Slow pyr OX). The char from slow pyrolysis was re-heated at 6 °C /min to 600 °C in N 2 atmosphere where after the N 2 was replaced with air for 30 minutes. After 30 minutes, the atmosphere was changed back to N 2 , and the sample was cooled for 45-60 minutes. -Oxidized LT-CFB ash (LT-CFB OX). The process was similar to the oxidation of the slow pyrolysis char except that the maximum oxidation temperature was 750 °C. -Oxidized TwoStage gasification ashes. One sample (TwoStage OX) was produced in a process similar to the oxidation of the slow pyrolysis char but with an oxidation temperature of 850 °C. A second sample (TwoStage OX2), was produced with an oxidizing atmosphere (air) during heating, 30 minutes at maximum temperature (850 °C), and subsequent cooling. OX2 thereby received a more severe oxidation, but the same temperatures as the OX sample.
Analytical procedures
Ash content
Ash content of all CPSE substrates has been determined using the standard DS/EN 14775 (2009) (Ash content in biomass).
Total C and total N
Total contents of C and N in the CPSE substrates were quantified at the Center for Permafrost, Department of Geosciences and Natural Resource Management, University of Copenhagen. The method involved Dumas combustion (1020 ºC) on an elemental analyzer (CE 1110, Thermo Electron, Milan, Italy).
Main elements and heavy metals
Substrates were digested in nitric acid and hydrogen peroxide at 240°C and 200 bars in a pressurized microwave oven for 15 minutes (Ultrawave, Milestone Inc., Italy). Hydrofluoric acid was added after digestion and cooling, and the samples were left standing overnight. The solutions were diluted before final analysis by inductively coupled plasma optical emission spectrometry (ICP-OES,Agilent 5100, Agilent Technologies, Santa Clara, USA)), using a procedure described by Hansen et al. (2009) (Hansen et al., 2009 ).
Soil incubation studies
The soil used for the incubation study was a sandy loam soil with 16.5% clay that was collected in 2014 from the upper layer of a nutrient depletion trial on the University of Copenhagen's experimental research farm in Taastrup, Denmark. After collection, the soil was air-dried and passed through a 2 mm sieve. The soil had a pH of 5.2 and was mixed with quartz sand in a 50/50 w/w mixture for the incubation study.
All substrates used for the incubation study were pre-dried at 104 °C, and ground until at least 90% of the total sample mass passed a 0.125 mm sieve and all particles were smaller than 0.25 mm. The particle size management was conducted using a Mahlkönig Kenia Disc grinder (MAHLKÖNIG GmbH & Co. KG, Hamburg, Germany), a FRITSCH Mortar Grinder Pulverisette 2 (Fritsch GmbH, Idar-Oberstein, Germany) and a Retsch Vibro Sieve with sieves 125 µm and 250 µm (Retsch GmbH, Haan, Germany).
Triplicates of 50 g soil/quartz sand mixture and CPSE substrate samples added at a rate of 80 mg P kg -1 soil/sand mix were prepared. The substrates were thoroughly mixed into the soil and mixtures were watered to 50% of the soil's water holding capacity (WHC) with demineralized water. Substrate-free controls and samples with a mineral P reference (KH 2 PO 4 ) were included. After watering, the samples were incubated in a dark climate chamber (Memmert Celsius HPP749, Germany) for 2 weeks at 20.4 ± 0.4 °C and 93 ± 5 % RH. Water content in all samples was monitored and adjusted daily.
Anion-exchange resin (AER) strip extraction:
After incubation, the samples were air dried and a sub-sample of 2 g was shaken for 16 hours with 30 ml of MQ and 2 anion exchange membrane (resin) strips (VWR international, DBH no 55164 2S, strip size 62*10 mm) in bicarbonate form. After the extraction, the strips were rinsed with water and shaken for 16 hours in new centrifuge tubes with 0.5M HCL. Extracts were stored at 4 °C until determination of the P eluded into the liquid on a Flow Injection Analyzer (FIAstart 5000, FOSS, Denmark).
Sequential extraction
MSS and ash samples were extracted with a series of solvents and the different fractions were analyzed with ICP-OES for elemental composition. The extraction procedure was based on the procedure of Tiessen and Moir (Moir and Tiessen, 2007) with the addition of ammonium acetate extraction based on the description of Kahiluoto et al (Kahiluoto et al., 2015) . 0.5 g of sample was extracted with 30 mL of MQ, 0.5 M ammonium acetate solution, 0.5 M NaHCO 3 solution, 0.1 M NaOH solution and 1.0 M HCl solution, respectively. Each extraction was performed on a horizontal shaker overnight. After extraction, the sample was centrifuged and the supernatant filtered through a 0.45 µm filter. The solids were subsequently extracted with the next solvent in the sequence while the filtrate was treated with 4ml of cc. HNO 3 , autoclaved for 30 minutes at 120 °C and filtered through a 0.45 µm filter prior to analysis by ICP-OES (Varian 720-ES at DTU, Department of Civil Engineering). The analysis was done in duplicate.
SEM-EDX
Selected samples were analyzed with a scanning electron microscope (SEM) with energy dispersive X-ray spectroscopy (EDX). Samples were fixed on carbon tape and coated with gold prior to analysis. A FEI Inspect S SEM was used for image capturing. Point analysis (elemental point composition) was performed on selected substrates (3-5 particles, 15-30 points) with an EDX detector (Oxford Instruments).
Results and discussion
Composition of CPSE substrates
Variations within the MSS sample were quantified and found to related almost exclusively to a 1 % lower aluminum (Al) content in the de-watered MSS sample (results not shown).
Content of total ash, C and N in CPSE substrates
Most of the CPSE substrates contained only ash, or ash and small amounts of carbon (Table 2 ). However, in the char from slow and fast pyrolysis, there were considerable contents of C (22-23 wt%) and N (2%). The N content corresponded to a recovery of fuel N in the pyrolysis chars of 33-35%. In the LT-CFB bottom ashes 7% of fuel N was recovered, but in all other samples almost all N was lost. The low content of carbon in most samples shows that most of the energy potential in the MSS has been released in these processes. However, this is not the case for the pyrolysis processes. The degree of energy utilization in the slow pyrolysis process was estimated by assuming a chemical energy potential in the residual carbon in the char of 32.8 MJ/kg (Elert, 2016) and a Higher Heating Value of the dry MSS of 13.8 MJ/kg DM (Thomsen et al., 2015) . The recovery of mass in the slow pyrolysis process was 56%, and the energy potential in the char was thus 30-35% of fuel energy, corresponding to release of 65-70% of the energy into the hot gas product. After post-oxidation of the slow pyrolysis char, around 95% of the energy potential in the MSS had been released. In general, post oxidation of chars and ash significantly reduced the carbon content and removed almost all traces of residual N. In the fast pyrolysis char, there was an unidentified fraction of the composition which is likely to consist predominantly of O and H. This indicates that there were unconverted organic fractions in the char sample. This could originate from an incomplete fast pyrolysis process, but by visual inspection of the char sample, at least part of the organic material was found to consist of small cereal straw particles (results not shown). The straw is expected to come from improperly cleaned parts of the pyrolysis unit and ash collection system. The total P-contents in all chars and ashes were very high (Table 3) , making them good potential P-fertilizer materials. The main differences in the composition related to variations in the organic content which dilutes the inorganic elements ( Table 2 ). The significant deviation in especially Ca and Al contents in the fast pyrolysis char, confirms the previously noted observation of potential pollution of this sample by straw and/or straw char. The low Al-content in the Fluid bed inc 850 ash compared to the Fixed bed inc 850 ash supports the previously identified reduced Al-content in the de-watered MSS sample. This difference might be due to a decrease in the Al-dosing at the wastewater treatment plant as function of changes in the climate and/or sludge behavior when extracting the de-watered MSS sample for fluid bed incineration.
Content of main elements and heavy metals in CPSE substrates
The results also show a significant decrease in S-content in the ashes from the TwoStage gasifier. Calculations of the S-content per unit of P show a drop from 0.2 g/g P in the MSS to around 0.1 g/g P in ashes from incineration, LT-CFB gasification and in pyrolysis chars, down to < 0.02 g/g P in ashes from TwoStage gasification. Releasing S to the gas product is not beneficial, as S is an important macro nutrient for plants and generally unwanted in boilers and exhaust emissions.
The thermal conversion significantly influenced the content of Cd, Cr and Ni per unit of P (Table 3) . No significant differences were observed in the concentration of Zn and Pb per unit of P (results not shown).
The most evident changes are in the Cd-content per unit of P, which is around 60 µg/g P in the MSS sample and incineration ashes, 40-50 µg/g P in pyrolysis chars, and around 10 µg/g P in all ashes from thermal gasification. Cadmium is among the most toxic heavy metals, and often a limiting factor in the application of MSS in food production systems (Roberts, 2014; Zhang et al., 2008) . High process temperatures are in general expected to facilitate a high Cd vaporization and release (Frandsen et al., 1994; Soria et al., 2013) which could explain the difference between the samples from pyrolysis and gasification. However, the Cd concentration was among the highest in the two incineration ashes produced at 850 °C. To avoid recondensation of released Cd-species on entrained ash particles, it is proposed that hot separation of ashes is highly important in order to reduce the Cd-content in the ash. The ashes from the fluid bed incineration were cooled before separation and this could be part of the explanation for the high Cd-content. However, ashes were separated at 850 °C in the Fixed inc ash samples, where no significant reduction is observed either. For this reason it is proposed that other factors than process temperature and hot ash separation must play an important role in regard to Cd reduction. Contents of especially Cl have previously been identified as key parameters in the release of Cd in reducing as well as oxidizing atmospheres, at temperatures from 400-1000 °C. Elemental S has also been found to play an important role in Cd release and on the other hand, oxides of Al and silicon (Si) have been found to stabilize cadmium in solid form at temperatures above 830 °C (Frandsen et al., 1994; Zhang et al., 2008 Zhang et al., , 2007 . The content of Cl and Si and the related release behavior was not determined in this study. However, Si is expected to be present in all substrates in high concentrations, and the combination of high concentrations of Si-and Al-oxides and high temperatures may be part of the explanation for the apparent stabilization of Cd in the incineration ashes.
Fewer oxides are present in the pyrolysis char and gasification ash due to a reducing atmosphere, and this could explain the increased rate of Cd release from these substrates. This would also explain why the post oxidation process had no positive impact on the Cd reduction.
Incubation study
Results from the anion-exchange resin (AER) strip extraction of P from the incubated substrates are provided relative to the result of the mineral P reference and the dry MSS reference, respectively. The extractability of the P in the dry MSS was 80% of the extractability in the mineral P reference after two weeks of incubation (Figure 1 ). The P-fertilizer quality of sewage sludge has in some cases been found to be as good as mineral P-fertilizers but especially the use of Al-, Fe-and Ca-based precipitation chemicals can reduce the P fertilizer quality (Fytili and Zabaniotou, 2008; Kahiluoto et al., 2015; Krogstad et al., 2005; Richardson et al., 2011; Singh and Agrawal, 2008; Suciu et al., 2015) . An estimate of the Al-and Fe In % of mineral P reference In % of dry sludge phosphate content of the CPSE MSS sample was made by combining data for the annual consumption of the precipitation chemicals AlCl 3 and ClFeO 4 S at the WWTP, the annual P load at the WWTP and assumed efficiencies of such precipitation chemicals: 50% for Fe-based chemicals and 75% for Al-based chemicals (Henze, 2006) . With these data, around 10% of total MSS P can be expected to be on FePO 4 form while around 16% would be present as AlPO 4 . Ca-P species like Ca 2 HPO 4 (OH) 2 and Ca 5 OH(PO 4 ) 3 as well as a fraction of organic P is also expected to be present in the dry MSS (Beck et al., 2004; Krogstad et al., 2005) . A quantification of organic P has not been performed in this study, but in three MSS samples from Norwegian WWTP's undergoing comparable sludge treatment with anaerobic digestion, the organic P content has previously been found to constitute 0.1-10 % of total P (Krogstad et al., 2005) . The pool of especially Al-P, Fe-P and organic-P compounds in the dry MSS as well as the influence of the thermal drying process is expected to be part of the reason why the P extractability in the MSS sample is reduced compared to the mineral P reference.
The two pyrolysis chars and the ash from fixed bed incineration at 750 °C performed best among the original CPSE substrates with AER-extractable P rates around 50% of the mineral P reference and 60% of the dry MSS. The Fixed inc 850 sample achieved extractability rates around 2/3 of this level while the extractability of the P in the gasification ashes and the fluid bed incineration ash was around 1/3 of the best substrates. Results showed that the post-oxidation process substantially increased the P availability in all cases. Post-oxidation was especially effective on LT-CFB ashes where the amount of AER-extractable P was more than doubled. There was no significant difference between the P extractability of the TwoStage OX and the TwoStage OX2 sample.
The following general trends were identified in the results from the incubation study: 1) Pyrolysis generally performs better than gasification and incineration, 2) Post-oxidation of pyrolysis char and gasification ashes improves the P extractability, 3) Incineration generally outperforms gasification but oxidized gasification ashes perform as well as the best incineration ash, 4) AER-P extractability from incineration ashes produced at 750 °C are better than from those produced at 850 °C, 5) The fixed bed incineration ash performs better than fluid bed incineration at 850 °C. In general, increasing temperature seems to have a negative influence on the P plant availability. This has also been observed in other studies (Qian and Jiang, 2014) . However, there are several deviations from this general trend and e.g. the differences between P extractability of oxidized and non-oxidized samples that are produced at similar maximum temperatures. Therefore, other process parameters including heating rate, retention time and reaction atmosphere were also expected to play an important role with regard to P availability in the residual product. During analysis and interpretation of the results from the incubation study, it should be kept in mind that results are from an incubation in a low-pH soil and could be different using alkaline soils as e.g. observed by Nanzer et al. (Nanzer et al., 2014) .
Sequential extraction (SE) with elemental analysis
The focus during the SE analysis was investigation of P-related issues, but the complete set of main data from the work is provided as Supplementary Information in SI Table 1 . The results from the sequential extraction ( Figure 2) show that most of the P in the different substrates is soluble only in HCl or insoluble in the applied solvents (as "residuals", calculated by balance). This has also been observed in other studies (Fraser and Lum, 1983; Qian and Jiang, 2014) . These fractions are usually expected to be only sparingly available, or unavailable, to plants (Moir and Tiessen, 2007; Qian and Jiang, 2014) . This fractionation of the thermal residuals is in contrast to the fractionation of the MSS sample where the predominant fraction of P is in the NaOH pool. However, caution should be taken as previous work by Benzing et al (2005) showed that the NaOH P pool may be significantly underestimated and the HCl P pool similarly overestimated in samples with high content of CaCO 3 , Fe-P and Al-P compounds (Benzing and Richardson, 2005) . In general there is a risk of re-precipitation of solubilized elements by re-speciation in the solution. This is important to acknowledge as such effects can push elements from soluble pools to less soluble pools in the sequential extraction process. To identify such false results, elemental composition of each solid residual fraction should be determined for comparison. This has not been done in the present study, but based on the work of Lukkari et al (2007) the applied procedure is generally expected to provide reliable results for allocation of P in mobile and immobile P pools (Lukkari et al., 2007) .
The transfer of P between SE-pools follows the same trends for all thermal treatments. The main losses are from the NaOH-pool and to a much lesser extent from the H 2 O, C 2 H 3 O 2 NH 4 , NaHCO 3 -pools. As organic-P is often effectively recovered in alkaline solvents (Wang et al., 2013) , a major part of it is expected to be recovered in the NaOH-pool. Organic P is expected to mineralize during all the assessed thermal treatments, as the organic molecules to which the P is associated are either reduced to almost pure carbon structures, or completely oxidized. P removed from wastewater with Fe and Al based precipitation chemicals will reside in MSS as Al and Fe phosphates. Alongside certain Ca-P compounds, the Fe-P compounds are expected to reside in the HCl and residual SE P-pools , while Al phosphate is known to dissolve in NaOH at pH higher than 13 (Donatello and Cheeseman, 2013) . However, the previously mentioned risk of underestimating the NaOH P pool in Ca-rich samples also includes a risk of severely underestimating the NaOH Fe pool (Benzing and Richardson, 2005) . It is thus expected that the large decease in the NaOH-P pool during thermal conversion of MSS includes decomposition of organic matter and re-speciation of organic P and potentially also Al-P and Fe-P species.
The only pools gaining P during the thermal treatment are the HCl-pools and the residual pool. This accounts for all substrates except for the fixed-bed incineration ash where the residual pool is unaffected. From the SI Table 4 it is noted that in addition to the fixed bed incineration ash, all other substrates with a long retention time in oxidizing atmosphere except for TwoStage OX have little or no P in the residual fraction. The same is the case with the MSS sample.
Using the data from Figure 1 and Figure 2 , it was determined that there is an almost linear correlation (R 2 =0.84) between the incubation study results, given as P extractability in % of total P added on one side, and the accumulated fraction sum of P in the SE-pools from extraction with H 2 O, C 2 H 3 O 2 NH 4 , NaHCO 3 and NaOH in % of total P on the other (results not shown). If the NaOH-pool is not included in the SE-P sum, the R 2 value decreases to 0.54, suggesting that at least a part of the P in the NaOH pool contributed to plant available P after incubation.
Transfer of main elements between SE pools induced by different thermal treatments
To assess the transfer of elements between the SE pools induced by the thermal treatment it is important to have a solid understanding of the original P distribution and potential association of P in the MSS sample. Therefore, the allocation of key elements in the MSS sample among the SE pools is provided in Figure 3 . The sequential extraction of the MSS sample clearly shows that most of the P was in the NaOH pool where the only other identified element was Al and a small amount of S meaning that the NaOH P pool most likely contained mainly Al-P and Organic P compounds. The second largest share of P was in the HCl pool that also contains Al, Ca and Fe. The quantity of P in the rather soluble NaHCO 3 pool was accompanied by small amounts of Ca, K and S, but could also contain Na which was not measured in this pool. Finally, the highly soluble fraction of P in the C 2 H 3 O 2 NH 4 and H 2 O pools was accompanied by large quantities of Ca, Mg and S and a very small amount of Fe. of Al, Ca, Fe, Mg and K relative to P was observed and this could indicate a P loss. Simple elemental balances were conducted for the slow pyrolysis process and the fixed bed incineration, indicating no P loss during slow pyrolysis, but losses of up to 12% of total P during fixed bed incineration. These results support the identified pattern in the results in Figure 4 . P losses were also observed in a study of Matinde et al. (2008) where incineration of MSS lead to release of PO and PO 2 gas species at temperatures from 800 °C (Matinde et al., 2008) . It is expected that the combination of high temperature and long retention time explains why there was a potentially high P-loss during the fixed bed incineration while no apparent indications of a P loss in the fluid bed incineration was observed. Donatello et al (2013) concluded that during incineration of MSS at 800-900 °C, phosphate was mainly concentrated in the ash as whitlockite-type, tri-calcium phosphates (Ca 3 (PO 4 ) 2 ) (Donatello and Cheeseman, 2013) . The SE-results (Figure 2 and Figure 4 ) support this hypothesis, and it was observed how P concentrated in the HCl-pool and the residual fraction with Ca from the ammonium acetate pool as function of all primary thermal processes. Ca was transferred predominately from the ammonium acetate pool to the HCl-pool and residual pool with a substantially lower rate of transfer in the slow pyrolysis char than in the other substrates. Al was being transferred from the NaOH-pool to the HCl-and residual-pools. The allocation of Al between the HCl-and residual-pool seemed to be dependent on temperature, with a low temperature leading to high transfer to the HCl-pool, and low movement to the residual-pool, and vice versa for high temperature processes. Potential Ca-P-Al species were also identified by XRD-analysis of the LT-CFB ash as well as the Fluid bed inc 850 °C ash in a related study (P. Viader et al., 2016) . Both ashes were found to contain various calcium phosphates, including Ca 9 Fe(PO 4 ) 7 , Ca 9 Al(PO 4 ) 7 and/or Ca 7 Mg(PO 4 ) 6 . These findings are further supported by conclusions from a similar study by Atienza-Martínez et al (2014), identifying the same elements in MSS incineration ashes (Atienza-Martínez et al., 2014) .
Transfer of Fe occurred mainly from the HCl-fraction to the residual fraction, and the level of transfer was many times higher in the incineration processes than during pyrolysis and gasification. This could relate to reaction and oxidation of Fe phosphates. As Fe (III) phosphate (FePO 4 ) melts around 250 °C, it can be expected to participate in reactions during all CPSE thermal treatments. During high temperature oxidation, FePO 4 is oxidized while forming acid-insoluble haematite, and acid-soluble phosphates. The formation of haematite is favored by higher temperatures and oxygen levels (Atienza-Martínez et al., 2014) . This fits well to the observed pattern, and it is expected that the HCl-pool Fe phosphates in the MSS were oxidized during incineration to new HCl-pool phosphates (predominately Ca phosphates) and residual-pool Fe oxides (haematite, Fe 2 O 3 ). In the study by Viader et al (2016) , ash from the fluid-bed incineration, but not the LT-CFB gasification, contained hematite, supporting the proposed Fe transfer pattern (P. Viader et al., 2016) .
Influence of post-oxidation of char and ash substrates on P-chemistry
The general trend observed during post oxidation was the opposite of the general trend observed during the original thermal treatments. Post oxidation increased the share of P in the H 2 O, C 2 H 3 O 2 NH 4 , NaHCO 3 and NaOH pools compared to the non-oxidized materials (Figure 2 ) which was in line with the increased P availability observed in the soil incubation study (Figure 1 ). The post-oxidation increased the HCl P-pool in three of four oxidized samples while the residual SE-pool was completely removed in three of four oxidized samples, and reduced substantially in the fourth.
P and Al are the elements which increased the most in the soluble SE-pools (H 2 O, C 2 H 3 O 2 NH 4 , NaHCO 3 and NaOH) during the post-oxidation process (Figure 2 and Figure 5 ). However, also Mg seemed to follow the transfer of P and Al in all samples. In several cases, the net movement of specific elements was positive, possibly due to a loss of P during the post oxidation process as expected based on the experiences of Matinde et al (2008) (Matinde et al., 2008) . This was supported by simple elemental balances of the post oxidation processes, and it was found that around 10% of P is lost during post-oxidation, regardless of the process conditions (temperature and atmosphere during heating).
The transfer of P from the residual-pool was accompanied by transfers of Ca, Mg and S. The magnitude of the Mg and Ca transferred to the ammonium actetate-extractable pool correlated well with the amount of P on a 1:1 basis, where a majority of Ca was transferred in the low temperature treatments and a majority of Mg was transferred in the high temperature treatments. In a previous study, the formation of Mg-P species, including farringtonite (Mg 3 (PO 4 ) 2 ) formed at temperatures around 750 °C, and, stanfieldite (Ca 4 Mg 5 (PO 4 ) 6 ), formed at temperatures around 850 °C, was found to be a potential driver for increased bio-availability of thermochemically treated MSS ashes (Adam et al., 2009) . Based on the movement of Ca and P to the acetate-pool, it is expected that the post-oxidation in some cases facilitated a formation of acid soluble CaCO 3 -P compounds (Wang et al., 2013) . The only large transfer to the NaOH-pool in addition to P was Al, and across all treatments the magnitude of the movement corresponded well with P on a 1:1 basis. The P-increase in the HCl pool was followed by a Ca-increase in the remaining substrates on a 1:1 basis, except for the TwoStage OX where the HCl P-pool was not increased. The migration of Fe from the HCl-pool without accompanying P-losses indicates that Fe phosphates were oxidized and the new phosphates formed remained largely in the HCl-pool. The level of Fe transfer followed the temperature regime of the oxidation processes as expected since the oxidation of Fe phosphates and subsequent formation of haematite is favored by high temperature and oxygen levels (Atienza-Martínez et al., 2014) . From the SEM-EDS point analysis, it is evident that there was a very strong correlation between location of P and Ca in the dry MSS. The potential P-Ca ratio in the MSS was 0.9-1.2 if 26% of the P content is subtracted due to potential capture by Fe and Al based precipitation chemicals as previously discussed. In a previous study with SEM-EDXS based point analysis of Fe and Al precipitated MSS, it was found that brushite (CaHPO 2 ·2H 2 O) was present in large quantities in samples, with P/Ca ratios around or just below 1 (Huang et al., 2007) . The presence of large quantities of brushite could explain the relatively high P fertilizer value of the MSS sample (Anderson et al., 2014) .
From MSS to fluid-bed incineration ash, the correlations between P, Ca and Fe were distorted, while a more significant correlation between P and Mg was developed. The highly scattered Fe pattern could be an indication of partial oxidation of the pool of Fe phosphates with the related formation of haematite and a concentration of P in the ash in whitlockite type, tri-calcium phosphates (Ca 3 (PO 4 ) 2 ) (Donatello and Cheeseman, 2013) . This could explain the increased Ca/P-ratio on several of the assessed points.
In the slow pyrolysis char and oxidized slow pyrolysis char, all correlations existing in the MSS were distorted, and no new strong correlations established. It is hypothesized that the low process temperatures, combined with the abundant carbon matrix in the pyrolysis char and the relatively short retention time in the oxidation process could have inhibited the achievement of chemical equilibrium and that this could be part of the explanation for the high scattering of P-relations in these substrates. This assumption is supported by the relatively high N content in the slow pyrolysis char as well as the carbon content still persisting in the sample after the oxidation process (Table 2) . Additional post-oxidation of this type of substrate could be attempted to develop a better defined chemical structure and perhaps increase P plant availability additionally.
In the LT-CFB sample, the strong correlation of P to Ca was disrupted and an alignment of P and Al was initiated. The P-Fe pattern of the MSS was maintained, while the improved correlation between P and Mg observed in the fluid-bed ash was also found in the LT-CFB ash. In the oxidized LT-CFB ash, there was a remarkably strong correlation of P to Ca, Fe, Al and Mg. The significance of the compositional patterns indicates a high level of crystallinity and chemical equilibrium in this sample. The previously suggested widespread presence of various calcium phosphates (e.g. Ca 9 Fe(PO 4 ) 7 , Ca 9 Al(PO 4 ) 7 and Ca 18 Mg 2 H 2 (PO 4 ) 14 ) (Atienza-Martínez et al., 2014; P. Viader et al., 2016 ) is supported by the high level of correlation between P, Ca, Fe, Al and Mg in the results of the SEM-EDS analysis of the oxidized LT-CFB ash sample.
The SEM images of the different substrates ( Figure 6 ) did not reveal obvious differences in the deep porosity of the different substrates. However, the images clearly show a characteristic surface change in the post oxidized samples (Figure 6 D and F) where the structure of the original particle is surrounded by a highly porous, bright, crystalline structure. This structure was only found on the post-oxidized samples and not on the incineration ash. With the porosity and exposed position, this structure could play an important role related to plant availability of nutrients. The developed surface structure was most profound on the oxidized LT-CFB ash and it is expected that the development of this structure is related to the strong correlations between P, Ca, Mg, Fe and Al (SI Figure 1 ). 
Summary and conclusion
Conversion of Municipal Sewage Sludge (MSS) in different thermal processes (incineration, pyrolysis or gasification) yielded solid residuals (ashes and chars) with significant differences in their composition and phosphorus (P) fertilizer values. Even within a single category of thermal processes, differences in the design and process conditions yielded materials with very different P fertilizer qualities. The most characteristic example of such differences within a group of substrates were observed between the ashes from two different types of sewage sludge incineration: Fluid bed incineration at 850 °C with short retention times and ashes from fixed bed incineration at 750 °C with much longer retention time. The fluid bed incineration ash was among the substrates with the lowest amount of Anion Exchange Resin (AER) extractable P while the ashes from fixed bed incineration at reduced temperature were among the substrates with the highest amount of AER extractable P. Based on the findings of the study, it is clear that in regard to P fertilizer value the performance of ashes from thermal conversion of MSS cannot be generalized just by the category of the thermal process.
Some of the most pronounced effects that the different thermal treatments had on the composition and fertilizer quality of the residual ashes and chars are provided in Table 4 and Table 5 .
Pyrolysis followed by post-oxidation yielded the best P plant availability in the solid residuals. This combination also released the full energy potential in the MSS. Pyrolysis without post-oxidation had a lower P fertilizer value and around 30% of the MSS energy potential remained in the char. Incineration with high air ratios and a long retention time also proved to be a feasible way to produce an ash with high P plant availability. However, the high P fertilizer value of the ashes from fixed bed incineration and postoxidation seem to come at the expense of a significant P loss. Based on the investigation of the surface of the post-oxidized substrates, it is suggested that increased P fertilizer quality and loss of P can be related to volatilization and re-condensation of P species. Post oxidation and fixed bed incineration processes are also proposed to increase P fertilizer value by oxidation of Fe-P compounds and other sparingly soluble P species as well as by a generally more beneficial association of P to especially Mg, S and Ca.
Based on the current study it is expected that the fertilizer value of residues from thermal conversion of MSS can be optimized even further. An initial reducing atmosphere will lead to release of cadmium, an effect being higher in gasification processes than during pyrolysis only. During incineration and postoxidation, Cd even seemed to be stabilized at the assessed temperatures. The optimal conditions for Cd release should be determined, including detailed investigations of the fate of other heavy metals. The P fertilizer value increased after post-oxidation in all cases, but an additional optimization potential may still be present. It should in this regard be investigated which post-oxidation process conditions that enhance P volatilization and how losses of P in this process can be reduced. Finally, the results of the study should be validated and challenged by similar studies using different sludge samples (composition, particle size distribution), new thermal conversion processes, alternative soil available P tests, soil types with different characteristics, and by growth experiments with various crops. 
